anterior, and extensor digitorum longus) was measured using ultrasound shear wave 46 elastography during passive dorsiflexions (2°/sec). At the same ankle angle, stroke survivors 47 displayed higher shear modulus than controls for gastrocnemius medialis and gastrocnemius 48 lateralis (knee extended); and soleus (knee flexed). Very low shear modulus were found for 49 the other muscles. The adjustment for muscle slack angle suggested that the increased shear 50 modulus was arising from consequences of contractures. The stiffness distribution between 51 muscles was consistent across participants with the highest shear modulus reported for the 52 most distal regions of gastrocnemius medialis (knee extended) and soleus (knee flexed). 53
6 sEMG signals of gastrocnemius medialis and gastrocnemius lateralis (GM and GL, 129 respectively), soleus (SOL) and tibialis anterior (TA) were simultaneously recorded (1000 130 Hz, ME 6000, MEGA Electronics Ltd, Kuopio, Finland) using hydrogel adhesive surface 131 electrodes (KendallTM 100 foam-series, Covidien, Mansfield, USA). Electrodes were placed 132 according to the SENIAM guidelines (35). Ultrasound imaging ensured that electrodes were 133 placed over the considered muscle. Both sEMG activities and the ankle torque were 134 visualized in real-time to ensure that there were no increases in muscle activity during the 135 stretching procedures. If so, the trial was not accepted and repeated. Signals were stored for 136 later off-line analyses. 137
Elastography 138
The technique used to measure the shear modulus has been previously described in detail (5, Shear modulus has been shown to display a strong linear relationship with Young's modulus 145 (R² between 0.916-0.988), as shown with conventional material testing procedures (16, 40) . 146
Thus, the shear wave velocity is directly related to the shear modulus, that is, the stiffer the 147 tissue, the faster the shear wave propagation. 148
An Aixplorer ultrasound scanner (Supersonic Imagine, v. 6 .1, Aix-en-Provence, France) was 149 coupled with one linear transducer (2-10 MHz, SL10-2 or 4-15 MHz, SL15-4, Supersonic 150
Imagine, Aix-en-Provence, France). A transistor-transistor logic pulse was sent by the 151 ultrasound scanner at each shear modulus measurement (i.e. each second) to synchronize 152 7 shear modulus measurements with the ankle angle, passive torque and sEMG signals. The 153 transducer was aligned along the longitudinal axis of the leg (ie, corresponding to 154 physiological plane of lower leg muscle shortening/lengthening direction) and perpendicular 155 to the skin so that the image plane intersects perpendicularly the muscle aponeurosis. Thus, 156 the stiffness measurement was always performed in the estimated muscle 157
shortening/lengthening direction, as done with conventional material testing (16, 26) were scanned. Three proximo-distal regions were determined for the gastrocnemii (distal, 161 mid, and proximal regions on the muscle), and two for the soleus (distal and proximal). These 162 regions were chosen based on anatomical guidelines used for botulinum toxin injections to 163 treat muscle over activity in neurological conditions (55, 63) . SWE has very good reliability 164 for measuring shear modulus of superficial and deep muscles, especially during stretching 165 (15, 43, 51) . A previous study showed good inter-day reliability for shear wave measurements 166 at all the locations used in this study (43) . 167
Protocol 168
Firstly, for both experiments, the maximal angle in dorsiflexion was measured as the 169 dynamometer moved the ankle joint during a slow passive stretch (2°/sec). When participants 170 felt "maximal tolerable stretch" in the calf (i.e. onset of pain), they pushed a button that 171 stopped the motion. During this motion, subjects were blindfolded. Participants undertook 172 three trials and the maximum angle recorded was utilized in the subsequent calculation of 80 173 % of range of dorsiflexion. Second, five ankle rotations from 40° of plantarflexion to 80% of 174 the predetermined maximal ankle dorsiflexion angle were performed for muscle conditioning 175 purposes (54). Third, one shear modulus measurement was performed for each location in a 176 randomized order during ankle dorsiflexion at a velocity of 2°/sec, from 40° of plantarflexion 177 8 to 80% of the maximal dorsiflexion. This range was used as passive motion beyond this point 178 often invokes unwanted muscle activation (48). Between each measurement, a 1-min of rest 179 was observed. At the end of the procedure, participants were asked to perform three voluntary 180 maximal isometric contractions (MVC) in plantarflexion and dorsiflexion and the root mean 181 square (sEMG-RMS) of the associated sEMG signals were utilized to normalize activity 182 recorded during passive motion to 80% dorsiflexion ROM. 183
Data analysis and statistics 184
Data were processed using Matlab® scripts (The MathWorks Inc., Natick, USA). Ultrasound 185 videos exported from Aixplorer's software were sequenced in 'jpeg' images. Then, each pixel 186 of the color map was converted into a shear modulus value established from an image 187 processing algorithm (26). Shear modulus values were averaged over the largest region of 188 interest (ROI) that avoided aponeurosis and artifacts. The mean area of the ROIs ranged 189 between 60 mm² (FDL, stroke survivors) and 180 mm² (TA, controls). 190
The following analyses were performed for each muscle region, and are depicted in Appendix 191 A. First, shear modulus values were compared at two points: 1) at the maximal common angle 192 in dorsiflexion that was attained by patients and controls, and 2) at 80% of maximal 193 dorsiflexion. Second, to provide information about muscle contracture, the "slack angle" was 194 visually determined as the onset of increase in shear modulus during the passive dorsiflexion. 195
This was performed for each muscle region and each participant by an experienced examiner 196 blinded to the muscle region and the participant. The visual approach for determining the 197 slack angle has been shown to be reliable in previous studies including those of our research 198 group (36, 37, 43) . Third, in order to account for the potential change in slack angle, the shear 199 modulus values corresponding to the maximal common dorsiflexed position from the slack 200
angle were compared between patients and controls. This latter analysis is known to give 201 insights into the mechanical behavior of muscle tissue in vivo (34). Since the maximal ankle 202 9 dorsiflexion was highly variable among stroke survivors (Table 1) were conducted to analyze between-group differences in shear modulus, slack angle and 211 muscle activity. The statistical significance was set at p<0.05. The 0.05 value was adjusted for 212 multiple tests using a Bonferroni correction (shear modulus: 0.05/13, slack length: 0.05/11, 213 EMG: 0.05/4). When significant, between-groups differences (stroke -controls) and 214 bootstrapped confidence intervals (95% CI) (n=1000 samples) (19) were computed on shear 215 modulus, slack angle, and muscle activity. Effect sizes were estimated using the General 216
Mann-Whitney measure (θ) (θ=U/nm, where U is the Mann-Whitney statistic, n and m the 217 sample sizes of both groups, respectively). A value of θ=0.5 indicates a perfect concordance 218 (i.e. equal distribution of the population data), while θ=0 or θ=1 no overlap between the group 219 distributions (52). In addition, data were displayed pictorially by the decreasing order of shear 220 modulus values recorded for all muscle regions among individuals, to qualitatively appreciate 221 the location of the stiffest muscle regions among leg muscles. The muscle region displaying 222 the highest shear modulus was presented in black while a pale pink color corresponded to the 223 muscle region where the lowest shear modulus was recorded. Data are presented descriptively 224 for these analyses. 
RESULTS

226
All subjects completed the protocol of experiment 1 or experiment 2. However, a low 227 recording quality was observed for 3% of the elastography measurements (artifacts or void 228 areas within the ROI; 10/338 videos of experiment 1 and 10/364 videos of experiment 2, 229 respectively; details provided in Figure 1 ). These data were excluded from the analyses to 230 reduce a potential risk of bias. 231
Experiment 1 (Knee extended) 232
Shear modulus-ankle angle relationships are provided for each transducer location of 233 experiment 1 in Figure 2 . Between-groups differences only appeared significant at the 234 maximal common angle in dorsiflexion ( Figure 1A ), where the shear modulus was higher for 235 stroke survivors than for controls for gastrocnemii at the distal and mid muscle regions (all p-236 values<0.002; θ between 0.11 and 0.14) and was indicative of higher muscle-tendon unit 237 stiffness. The between-group difference (stroke-controls) of shear modulus was: 31.2 kPa (CI 238 95% 29.1;96.2 kPa) for GMdistal, 26.7 kPa (CI 95% 18.1;86.0 kPa) for GMmid, 20.42 kPa 239 (CI 95% 17.0;25.2 kPa) for GLdistal, and 24.6 kPa (CI 95% 18.9;30.4 kPa) for GLmid, 240 respectively. The slack angle (Table 2 and Figure 2 ) occurred at a more plantar flexed angle in 241 stroke survivors within GMmid (p=0.045, θ=0.17) and GL (all p-values <0.019, θ ranges from 242 0.12 to 0.14). The between-group difference of slack angle was: -5.6° (CI 95% -8.8;-1.5°) for 243 GMmid, -6.16° (CI 95% -7.7;-3.1°) for GLdistal, -5.7° (CI 95% -7.5;-1.9°) for GLmid, and -244 5.6° (CI 95% -8.6;-1.2°) for GLproximal, respectively. 245
The highest shear modulus was measured on GM for each group ( Figure 3A) , and consistently 246 found at the most distal site (85% of stroke survivors). 
Experiment 2 (Knee flexed) 248
Shear modulus-ankle angle relationships are provided for each transducer location of 249 experiment 2 in Figure 4 . At the maximal common angle in dorsiflexion ( Figure 1C ) shear 250 modulus was higher for stroke survivors for SOLdistal (p=0.001, θ=0.13) with a between-251 group difference of 18.2 kPa (CI 95% 9.1;24.6 kPa). At 80% of maximal ROM ( Figure 1E ) a 252 lower shear modulus was found among stroke survivors on dorsiflexors (TA: p=0.002, 253 θ=0.14, between-group difference -3.8 kPa [CI 95% -6.6;-1.4 kPa]; EDL: p=0.001; θ=0.11, 254 between-group difference -6.0 kPa [CI 95% -9.7;-4.2 kPa]). 255
The slack angle (Table 2 and Figure 4 ) was measured at a more plantar flexed angle in stroke 256 survivors in SOL (distal, p<0.001, θ=0.10, between-group difference -6.4° [CI 95% -10.1;-257 2.7°]; proximal p<0.001, θ=0.02, between-group difference -9.1°[CI 95% -11.7;-6.2°]). 258
The highest shear modulus values were measured for SOL for each group ( Figure 3B ) and 259
were consistently found at the most distal site (86% of stroke survivors). 260
Muscle activity 261
During both experiments, activity of GM, GL, SOL and TA remained below 5% of maximal 262 activation (Table 3) . Despite the subjects being asked to stay relaxed, stroke survivors 263 displayed higher averaged sEMG amplitudes than controls (all p-values<0.05 values reached at a given ankle angle were higher for the stroke group compared to the 272 control group, but not at 80% of maximal dorsiflexion. Accounting for the slack angle, there 273
were no between-groups differences in the shear modulus. 274
These results conform with studies conducted on healthy participants, also reporting a higher 275 shear modulus for GM (knee extended) (10, 36, 43) and SOL (knee flexed) (43) during 276 passive dorsiflexions. Since the muscle force will be influenced by both elasticity and size, 277 the between muscle differences in shear modulus should not be interpreted directly as 278 difference in muscle force. For instance, due to differences in CSA, if two muscles exhibit the 279 same change in shear modulus during stretching, the bigger muscle will exhibit the larger 280 change in passive force. The ~2 times larger CSA of GM compared to GL (23) The velocity used (2°/sec) and the ROM (80% of the maximal ROM) were set to limit the 291 reflex responses to stretching. However, between-group differences in the amount of sEMG 292 activity were found (Table 3) . The values reported remained below 5% of sEMG during 293
MVC. As such, it seems unlikely that muscle activation might influence our measurements, 294 but the actual effect of this factor on our measurements remains unknown. If it did play a 295 notable role, it would lead to an increase in muscle force developed in resistance to stretching 296 
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at a short muscle length (61). Thus, it would induce a change in muscle slack angle (Table 3)  297 and an increase in shear modulus for stroke survivors compared to controls (Figures 2 and 4) . 298
However, some points need to be considered. Firstly, it should be noted that different 299 thresholds are often used to consider "passive conditions". Regarding the literature, the reader 300 finds notable variability across studies. For instance 1% (48), 2% (50), or 5% (24) or 10% 301 (29). In the absence of a consensus on the threshold that should be used, we firmly 302 encouraged participants to relax, as recommended during clinical examination (28) and in 303 most research studies undertaken in this area. We also carefully checked that there were no 304 increases in sEMG signals during each trial. If an increase in muscle activation was 305 noticeable, the trial was not utilized for analyses and repeated. Secondly, the reflex-mediated 306 increase found among the muscle activity of survivors [through an increased excitability of 307 the alpha motor neuron at the spinal cord level (53)] has been shown to reach its maximum 308 between 1 and 3 months after stroke (6). Studies also reported that the contributions of neural 309 contributors to stiffness during stretching may decrease over time in stroke populations (11, 310 59). At more chronic stages, such as for the sample recruited in the present study, the response 311 observed during slow passive stretching may primarily be due to the passive intrinsic 312 mechanical properties for slow stretching (49, 59). Thus we believe that the results of the 313 present study are marginally influenced by the neural contributions. This belief remains to be 314 validated in further experiments. One possibility would be to test the effects of a transient 315 blocking of motor nerve to eliminate muscle activity during stretching (9). A better 316 understanding of the influence of slight EMG activation on passive mechanical responses (i.e. 317 passive torque, shear modulus and fascicle length) might be then elucidated. 318
Furthermore, we also provide a pictorial of individual responses through a pictorial mapping 319 of the stiffness levels in multiple muscle regions (Figure 4 ). This is novel, since the few 320 studies using SWE in stroke subjects were focused on one muscle thought to be representative 321 of the studied muscle group (17, 39, 44, 47, 62) . Our pictorial analyses highlight that stroke 322 survivors' response is commonly observed at the same muscle regions within plantar flexors: 323 the highest values for GM followed by GL ( Figure 3A who did not report between-group differences in fascicle slack length. Differences in study 367 methodologies (dorsiflexions performed in various knee angle configurations) or participants 368 (sample size, clinical characteristics of participants) might have contributed to contrasting 369 findings. For instance, the between-groups ranges in ankle range of motion were higher in the 370 present study (see Table 1 methods used in the present study and those of Kwah et al. is required to better understand the 372 differences. Because it involves the detection of subtle changes, the measurement of the slack 373 length remains challenging, and the most appropriate method still remains to be established. 374
Finally, while our results show that SWE is relevant to detect the effects of the stroke injury 375 in multiple muscle locations, they cannot be used to infer the cause of the increased shear 376 modulus. It is fundamental to better understand these mechanisms to improve therapeutic 377 decisions (57). Potential mechanisms include changes in connective tissue or extracellular 378 matrix. Active force generation may also be involved through impairment of calcium 379 signalling of the muscle cell. Such a potential change in active force during the stretching 380 cannot be detected with EMG. 381
Conclusion 382
Our findings suggest that the gastrocnemii and soleus muscles are most responsible for the 383 increase in stiffness observed in plantar flexors muscles of stroke survivors. Within these 384 muscles, the distal regions of GM and SOL were the most affected. No between-group 385 differences were found when accounting for slack angle, suggesting that the increased level of 386 muscle stiffness can be explained by a decrease in muscle length. In addition, our inter-387 individual analysis revealed that the most affected locations were similar among stroke 388 survivors. These new results provide a better understanding soft tissue responses after a stroke 389 that affects dorsiflexion of the ankle, a movement critical to the performance of efficient and 390 safe walking. 391 dorsiflexion of the ankle, in experiment 1 (knee fully extended) for gastrocnemius medialis 396 distal muscle region. 397
The averaged slack angle value is provided and depicted on each relationship for each group 398 with bigger symbols (black circle for stroke participants, and white square for healthy 399 controls). 400
As described in Materials and Methods section, three comparisons of shear modulus values 401 were performed (1/at the same ankle angle, 2/ at 80% of the maximal ROM and 3/ at the same 402 angle accounting from slack angle), for each muscle region, in order to investigate the 403 between-groups differences of muscle shear modulus. 404
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